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Process for forming a protective coating containing 
aluminium and zirconium on a metal 

Technical field 

The invention relates to a process for forming a protective 
coating containing aluminium on a metal substrate in which 
the said substrate and a non-gaseous precursor containing 
aluminium are placed in contact at a high temperature with 
an atmosphere containing an active gas which reacts with the 
precursor to form a gaseous aluminium compound which 
decomposes on contact with the substrate depositing 
aluminium metal thereon. 

Background to the invention 

Such a process, known by the name of aluminization, or 
activated cementation, is described in FR 1433497 A. It is 
used for the manufacture by diffusion of alloy coatings of 
the Ni-Al type acting as an intermediate layer between the 
nickel-based superalloy substrate of the hot components of 
aircraft engines and the barrier providing thermal 
protection for the substrate, thus making it possible to 
improve both the bonding of the barrier to the substrate and 
the capacity of the latter to retain useful properties in 
the event of deterioration of the thermal barrier. 

The known process takes place under static conditions. The 
substrate and a cement containing the aluminium are placed 
in a semi-sealed box, this greatly restricting gas exchanges 
with the external atmosphere. Temperature and pressure are 
held constant in the course of the treatment. During the 
process of deposition a quasi-stationary state is 



established and near equilibrium conditions are obtained 
between the cement and the gas phase on the one hand and the 
gas phase and the substrate on the other. 

In order to aluminize a nickel-based substrate a chromium- 
based donor cement is selected in which the activity of Al 
is greater than in the nickel for the same aluminium 
concentration . 

The coating obtained essentially comprises the p-NiAl phase, 
which has a simple cubic structure. This phase has a wide 
range of non-stoichiometry from NiAl (+> (57% by atoms) to 
NiAl (_) (37% by atoms). This phase is aluminium-forming and 
does not give rise to predominant diffusion of either Al or 
Ni. 

A cyclical process for the deposition of aluminium which 
takes place continually until the aluminium activity of the 
substrate surface becomes the same as that imposed by the 
cement is established during the course of aluminization . 

The process of the aluminization of a substrate breaks down 
into four stages: 

1. formation of a gas phase from the cement, ensuring 
transport of the aluminium, 

2. transport of this gas phase towards the substrate being 
coated, 

3. exchange and reduction reactions at the surface of the 
substrate with the release of aluminium, 

4. solid diffusion of the deposited aluminium into the 
substrate, tending to reduce its surface activity. 
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The overall rate of this process with four consecutive 
stages is governed by the rate of the slowest stage. The 
process takes place in a semi-sealed enclosure, where 
gaseous exchanges with the exterior are very restricted. It 
may be assumed that the rates of the chemical reactions at 
the gas-solid interfaces are very high in relation to the 
rates of the diffusion mechanisms. Thus the overall kinetics 
of this process are governed by the relative magnitude of 
diffusion in the gas phase and solid diffusion in the 
coating being formed. 

Firstly in order for the entire process to take place it is 
necessary that the atmosphere in which the deposit is formed 
should not interact with its mechanisms of formation. This 
is why the shielding gas will be either neutral (argon) or 
reducing (hydrogen) . Likewise, for transport of the 
aluminium to take place in the gas phase this element must 
be present in the atmosphere. This presence is ensured by a 
molecule called an XN activator". Its action is simple: the 
activator corrodes the donor cement to form a gaseous 
aluminium halide. The corrosive agent (a halogen acid) is 
renewed at each exchange reaction on the recipient 
substrate . 

Hence the activator selected must be a gas at the 
temperature of the coating and must not produce pollutants. 
For this reason the activators generally used are ammonium 
chloride NH 4 C1, ammonium fluoride NH 4 F and ammonium acid 
fluoride NH 4 ,HF. In the presence of hydrogen or under a 
neutral gas and at high temperature these molecules 
decompose according to 

NH 4 X -> NH 3 + HX 
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where X represents CI or F. 

The vaporisation temperature depends on the nature of the 
halogen salt selected. For example it is 340°C for ammonium 
chloride. In the known process the activator is only used 
for completely safe transport of a halogen acid into the 
reactor in which deposition is to be carried out, that is 
the semi-sealed box. The cation associated with this halogen 
(in this case ammonium) as a consequence serves no purpose. 

Furthermore, various research work has shown the favourable 
effect of zirconium on the bonding of a layer of oxide to a 
metal substrate, whether this layer is formed by exposure to 
air at high temperature or by the deposition of a thermal 
barrier. However no process which can be used industrially 
has been suggested for inserting this element into a 
protective coating containing aluminium. 

The object of the invention is to amend the known process 
described above for this purpose. 

Summary of the invention 

The invention relates in particular to a process of the type 
described in the introduction, and provides that the said 
atmosphere contains a gaseous compound of a modifier metal 
which decomposes on contact with the substrate and deposits 
the modifier metal thereon, simultaneously with the 
deposition of aluminium. 

Optional complementary or substitutable features of the 
invention are listed below: 
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The said modifier metal is selected from zirconium, 
hafnium and yttrium. 

The said active gas at least in part comprises the said 
gaseous compound. 

The said active gas comprises solely the said gaseous 
compound. 

The said active gas also contains at least one ammonium 
compound. 

The said active gas and/or the said gaseous compound are 
formed by the vaporisation of at least one solid substance 
at ambient temperature mixed with the said precursor. 

The substrate contains at least one element which combines 
with the aluminium to form an intermetallic compound 
within the coating in which aluminium is partly 
substituted by the modifying metal. 

The said substrate element is nickel and the said 
intermetallic compound is (3-NiAl . 

The substrate is a nickel-based superalloy. 

The said active gas and/or the said gaseous compound 
contain at least one halogen. 

The said gaseous compound is at least one compound 
selected from ZrCl 4/ ZrOCl 2 and (NH 4 ) 2 ZrF 6 . 

The said active gas contains at least one compound 
selected from NH 4 C1, NH 4 F and NH 4 F,HF. 

The said precursor is an alloy of aluminium and chromium. 
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- The substrate and the precursor are at a distance from 
each other. 

- The substrate is located above the precursor. 

- The substrate and the precursor are placed in an enclosure 
which only permits limited exchanges with the exterior. 

- In addition to the active gas and the gaseous compound the 
said atmosphere is formed of an inert or reducing gas and 
preferably hydrogen . 

- The modifier element is present in the said protective 
coating in a concentration by mass of less than 0.5%. 

- The said concentration by mass lies between 500 and 1000 
ppm and is preferably approximately 800 ppm. 

- The said high temperature lies between 950 and 1200°C and 
is preferably approximately 1080°C. 

The features and advantages of the invention will be 
described in greater detail in the description below with 
reference to the appended drawings. 

Brief description of drawings 

Figures 1 and 2 are graphs showing the distribution of 
zirconium in coatings obtained by the process according to 
the invention. 

Description of preferred embodiment 

In the process according to the invention the aluminium 
halide of the known process is at least partly replaced by a 
compound of the element which it is desired to see present 
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in the deposit in trace quantities, in particular a 
zirconium compound. 

The zirconium salts which are capable of acting as an 
activator include zirconium chloride ZrCl 4 , zirconium 
oxychloride ZrOCl 2 and ammonium f luorozirconate (NH 4 ) 2 ZrF 6 , 
this list not being restrictive. All these salts have the 
advantage of being gases above 250°C. For reasons of 
convenience and safety it is advantageous to use zirconium 
oxychloride . 

The principle of deposition is identical to that in the 
previous process: a semi-sealed box of nickel-chromium alloy 
or refractory steel of the NCD 16 type contains a cement in 
the form of coarse granules having a grain diameter of 
between 1 millimetre and several centimetres. The parts 
which are to be coated are suspended a few centimetres above 
the cement in such a way as to be immersed in the flow of 
gaseous aluminium halide. According to the invention the 
aluminium halide is replaced either wholly or in part by 
zirconium oxychloride. Through evaporating, the latter leads 
to the formation of a vapour rich in zirconium chloride 
which engages in an exchange reaction at the surface of the 
nickel-based superalloy substrate to form metallic zirconium 
and a halogen acid which is available to form an aluminium 
halide in the donor cement. The zirconium deposited at the 
surface of the substrate then diffuses into the forming 0- 
NiAl coating to ultimately yield an intermetallic compound 
enriched with between 500 and 1000 ppm of zirconium. 

As a variant the parts which are to be coated are in contact 
with the cement, such as for example in accordance with the 
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box cementation technique in which the parts are immersed in 
the cement powder. 

This general principle is illustrated by the examples which 
follow, although the latter are not in any way restrictive. 

Comparative example 

This example illustrates the prior art. An aluminium donor 
cement comprising a chromium-aluminium allow in the 
proportions by mass of 70% of chromium to 30% of aluminium 
is placed in a semi-sealed box. 10 g of ammonium acid 
fluoride NH 4 F,HF as activator is added per 1000 g of cement 
(1% by mass) . The parts requiring treatment are placed above 
the cement + activator mixture. After 6 hours treatment at 
1080°C under hydrogen a stoichiometric 0-NiAl coating is 
formed. This coating has a thickness of approximately 50 jam. 
It has the conventional microstructure - a single phase 
layer of p-NiAl, which is approximately 40 (am thick, lies 
above an interdif fusion zone approximately 10 jxm thick in 
which TCP phases which are rich in elements which are 
insoluble or poorly soluble in the P phase are present. The 
appearance of these phases is due to the diffusion of nickel 
into the coating. 

Example 1 

The procedure was as in the comparative example replacing 
the ammonium acid fluoride by an equivalent quantity (mole 
for mole) of zirconium oxychloride. On completion of the 
treatment a coating having a thickness of approximately 
50 jim was obtained. However, contrary to the previous 
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instance, this deposit had three distinct zones. In the 
substrate, the interdif fusion zone, approximately 10 jam 
thick, was conventional. This zone was overlain by a single- 
phase p-NiAl coating approximately 40 jam thick. Finally an 
additional zone approximately 10 Jim thick consisted of a 
matrix of p-NiAl containing precipitates of chromium- 
zirconium. Analysis of the concentration profile over a 
thickness of 20 \±m by mass spectroscopy (glow discharge mass 
spectroscopy, GDMS) showed that the zirconium is 
concentrated in the first few micrometres and that its 
concentration in the rest of the coating was approximately 
200 parts per million (ppm) by mass. 

Example 2 

The procedure was as in example 1, replacing the aluminium- 
chromium donor cement containing 30% aluminium with a 
chromium-based cement containing 20% of aluminium. The 
purpose of this reduction in the activity of the aluminium 
was to enhance better distribution of the zirconium 
throughout the coating. As in the previous example the 
treatment temperature was 1080°C and the working atmosphere 
was hydrogen. However, in order to compensate for the low 
activity of the aluminium the treatment time was extended to 
16 hours. On completion of this treatment a coating of 
approximately 50 jam was obtained. This coating consisted of 
two parts - an interdif fusion zone of approximately 10 jam 
containing the conventional TCP phases and a coating proper 
having a thickness of approximately 40 (am and comprising a 
matrix of stoichiometric P-NiAl containing zirconium in 
solid solution and free from precipitate. GDMS analysis 
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yielded the zirconium concentration profile as shown in 
Figure 1 (concentration by mass in ppm as a function of 
depth in jam) . 

This analysis confirms the hypothesis that the zirconium is 
first deposited on the surface of the substrate being coated 
and then diffuses in the solid state through the forming 
layer of nickel aluminide. 

Example 3 

In this example it is the intention to demonstrate that it 
is possible to control the zirconium concentration obtained 
in the coating through mere dilution of the quantity of Zr- 
based activator. To effect this the procedure was as in the 
comparative example, replacing only part of the ammonium 
acid fluoride (the activator) by zirconium oxychloride. In 
this case the ZrOCl 2 /NH 4 F / HF molar ratio was 1/9. Here also a 
nickel aluminide coating was obtained with a thickness of 
approximately 50 jam with an interdif fusion layer of 
approximately 10 |im and a layer of stoichiometric p-NiAl 
40 (4m thick. GDMS analysis over a depth of 20 jxm showed that 
the average zirconium content was less than in the previous 
example. Furthermore as the donor cement was different 
(higher activity) , the concentration profile obtained was 
also different, as shown in Figure 2. 



